Currently, forty-two thallium, forty-two lead, forty-one bismuth, and forty-two polonium isotopes have so far been observed; the discovery of these isotopes is discussed. For each isotope a brief summary of the first refereed publication, including the production and identification method, is presented.
Introduction
The discovery of thallium, lead, bismuth, and polonium isotopes is discussed as part of the series summarizing the discovery of isotopes, beginning with the cerium isotopes in 2009 [1] . Guidelines for assigning credit for discovery are (1) clear identification, either through decay-curves and relationships to other known isotopes, particle or γ-ray spectra, or unique mass and Z-identification, and (2) publication of the discovery in a refereed journal. The authors and year of the first publication, the laboratory where the isotopes were produced as well as the production and identification methods are discussed. When appropriate, references to conference proceedings, internal reports, and theses are included. When a discovery includes a half-life measurement the measured value is compared to the currently adopted value taken from the NUBASE evaluation [2] which is based on the ENSDF database [3] . In cases where the reported half-life differed significantly from the adopted half-life (up to approximately a factor of two), we searched the subsequent literature for indications that the measurement was erroneous. If that was not the case we credited the authors with the discovery in spite of the inaccurate half-life. All reported half-lives inconsistent with the presently adopted half-life for the ground state were compared to isomer half-lives and accepted as discoveries if appropriate following the criterium described above.
The first criterium is not clear cut and in many instances debatable. Within the scope of the present project it is not possible to scrutinize each paper for the accuracy of the experimental data as is done for the discovery of elements [4] . In some cases an initial tentative assignment is not specifically confirmed in later papers and the first assignment is tacitly accepted by the community. The readers are encouraged to contact the authors if they disagree with an assignment because they are aware of an earlier paper or if they found evidence that the data of the chosen paper were incorrect.
The discovery of several isotopes has only been reported in conference proceedings which are not accepted according to the second criterium. One example from fragmentation experiments why publications in conference proceedings should not be considered are 118 Tc and 120 Ru which had been reported as being discovered in a conference proceeding [5] but not in the subsequent refereed publication [6] .
The initial literature search was performed using the databases ENSDF [3] and NSR [7] of the National Nuclear Data Center at Brookhaven National Laboratory. These databases are complete and reliable back to the early 1960's.
For earlier references, several editions of the Table of Isotopes were used [8] [9] [10] [11] [12] [13] . A good reference for the discovery of the stable isotopes was the second edition of Aston's book "Mass Spectra and Isotopes" [14] . For the isotopes of the radioactive decay chains several books and articles were consulted, for example, the 1908 edition of "Gmelin-Kraut's
Handbuch der anorganischen Chemie" [15] , Soddy's 1911 book "The chemistry of the radio-elements" [16] , the 1913 edition of Rutherford's book "Radioactive substances and their radiations" [17] , and the 1933 article by Mary Elvira
Weeks "The discovery of the elements. XIX. The radioactive elements" published in the Journal of Chemical Education [18] . In addition, the wikipedia page on the radioactive decay chains was a good starting point [19] .
The isotopes within the radioactive decay chains were treated differently. Their decay properties were largely measured before the concept of isotopes was established. Thus we gave credit to the first observation and identification of a specific activity, even when it was only later placed properly within in the decay chain. Figure 1 summarizes the isotopes of the three natural ocuring radioactive decay series with their original nomenclature.
This notation of the original substances introduced by Rutherford during his Bakerian lecture presented on May 19
th 1904 and published a year later [20] are shown by grey squares and connected by the grey arrows representing α and β decay. Some had to be renamed later (Rutherford's label are listed in brackets) when previously termed "complex" activities were separated into two different substances. These are shown as black squares with the corresponding decays shown by black arrows. The white squares show the final stable lead isotopes of the series. Also indicated in the figure are the even earlier names for radium D (radiolead) and radium F (polonium and radio tellurium).
176−217 Tl
Forty-two thallium isotopes from A = 176-217 have been discovered so far; these include 2 stable, 27 neutron-deficient and 13 neutron-rich isotopes. According to the HFB-14 model [21] about 42 additional thallium isotopes could exist. Figure 2 summarizes the year of first discovery for all thallium isotopes identified by the method of discovery: radioactive decay (RD), mass spectroscopy (MS), fusion evaporation reactions (FE), light-particle reactions (LP), neutron capture (NC), projectile fission or fragmentation (PF), and spallation (SP). In the following, the discovery of each thallium isotope is discussed in detail and a summary is presented in Table 1 . Original nomenclature of thallium, lead, bismuth, and polonium isotopes within the three natural occurring radioactive decay series.
The grey squares connected by the grey arrows depict the activities labeled by Rutherford in his Bakerian lecture [20] . Names that were changed later are indicated in brackets. The black squares correspond to radioactive substances discovered later. associated with the decay of the previously unknown isotope 178 Tl." The first measurement of the half-life of 254 +11 −9 ms for 178 Tl was reported five years later confirming the α-decay energies [26] .
179 Tl
In the 1983 paper "Alpha decay of new neutron deficient gold, mercury and thallium isotopes" Schneider et al.
reported the discovery of 179 Tl [27] . 180 Hg" [28] .
The Dubna U-400 cyclotron was used to bombard an enriched 144 −0.09 s is smaller than the currently accepted value of 1.5(2) s, however, the observation of β-delayed fission was later confirmed with a half-life of 1.04(28) s [29] .
In the 1996 paper "α-decay properties of Pb."] The measured half-life of 4 min assigned to 206 Tl agrees with the presently adopted value of 4.202(11) min.
Tl
The first measurement of the activity due to 207 Tl was reported in 1908 by Hahn and Meitner in the paper "Aktinium C, ein neues kurzlebiges Produkt des Aktiniums" [65] . An actinium sample was used to measure the α-and β-ray Die neue Substanz muß daher als Thorium D bezeichnet werden." [The measured decay curves consistently result in a 3.1 min half-life. These facts demonstrate (1) that a new radioactive element must be present in the β emitter, (2) that it is in a genetic relationship to ThA, and (3) that it must occur after ThB+C, because otherwise the increase in α activity due to reforming of ThB+C should have been observed. The new substance must therefore be called thorium
] ThD was later reclassified as ThC". The measured half-life agrees with the presently adopted value 3.053(4) min. Hahn and Meitner reported a new activity in the radium decay chain in the 1909 article "Nachweis der komplexen
Natur von Radium C" [70] . Radium B and radium C activities were chemically separated and measured with a β-radiation electroscope. Decay curves and aluminum absorption curves were measured. The activities were also separated with the α recoil method. "Es wurden nach der Rückstoßmethode Aktivitäten hegestellt, deren Zerfallsperiode zwischen 1 und 2.5 Minuten schwankte. Radium C besteht also mindestens aus zwei Substanzen, Radium C 1 und Radium C 2 ."
[Activities with half-lives varying between 1 and 2.5 minutes were created with the recoil method. Thus, radium C consist at least of two substances, radium C 1 and radium C 2 .] The activity was later termed RaC" and the measured half-life is consistent with the presently adopted value of 1.3(3) min for 210 Tl. Figure   3 summarizes the year of first discovery for all lead isotopes identified by the method of discovery: radioactive decay (RD), mass spectroscopy (MS), atomic spectroscopy (AS), fusion evaporation reactions (FE), light-particle reactions (LP), projectile fission or fragmentation (PF), and spallation (SP). In the following, the discovery of each lead isotope is discussed in detail and a summary is presented in Table 1 . in the (3n) fusion-evaporation reaction. Reaction products ejected from the target were thermalized in helium gas and transported to a counting station on NaCl aerosols where α particles were measured with a Si(Au) surface barrier detector. "Thus, with the observation of the 7044-keV α peak, which fits into the decay systematics for lead nuclei, we conclude that it is probably only the most intense of several 181 Pb α transitions." The measured half-life of 50
+50
−30 ms agrees with the presently adopted value of 45(20) ms. A previously reported α energy of 7211(10) keV was evidently incorrect [35] . reactions" [35] . fusion-evaporation reaction. Conversion electrons and γ-ray spectra were measured. "The only two lines which we could definitely assign to the decay of 193 Pb were at 3392 and 366 keV... The half-lives for these two γ-rays were found to be 5.0±0.6 min and 5.8±0.3 min, respectively." These half-lives correspond to an isomeric state.
194 Pb
In the 1960 paper "Low mass odd-odd isomers of thallium", Jung and Andersson described the discovery of 194 Pb [51] . Protons of up to 90 MeV were accelerated by the Uppsala synchro-cyclotron and bombarded thallium targets. 
Pb
Debierne published the observation of a new activity in the actinium chain in the 1904 paper titled "Sur l'émanation de l'actinium" [102] . A new activity was observed following the decay of actinium emanation ( 219 Rn). "J'aiégalement déterminé la loi de décroissance de la radioacivité induite provoquée par l'émanation de l'actinium en mesurant dans le même appareil l'activité induite des condensateurs, depuis le moment où l'émanation a cessé d'agir: La décroissance est régulière, elle est de la moitié en 40 minutes." [I also found the radioactive decay law caused by the actinium emanation by measuring the induced activity in the same setup, from the moment the emanation has ceased to act: The decay is regular, it reaches its half value in 40 minutes.] Rutherford reproduced the observation by Debierne and named it actinium A [20] . It was later reclassified as AcB. The measured half-life agrees with the currently accepted value of 36.1(2) min.
Rutherford reported an activity later identified as 212 Pb in the 1905 paper "Bakerian lecture.-The succession of changes in radioactive bodies" [20] . The decay curves of "excited activities" following the decay of thorium emanation ( 220 Rn) were measured. "The evidence, as a whole, thus supports the conclusion that the active deposit from thorium undergoes two successive transformations as follows: (1) A 'rayless' change for which λ 1 = 1.75×10 −5 , i.e., in which half the matter is transformed in 11 hours; (2) A second change giving rise to α, β and γ rays, for which λ 2 = 2.08×10 −4 ,
i.e., in which half the matter is transformed in 55 minutes." The measured half-life for the first decay which was named thorium A ( 212 Pb) agrees with the presently adopted value of 10.64(1) h. Rutherford and Soddy had reported the observation of a "Thorium-excited activity I" from the decay of thorium emanation earlier [103] . ThA was later reclassified as ThB. 214 Pb
In the 1904 paper "Heating effect of the radium emanation", Rutherford and Barnes described the discovery of a new activity later identified as 214 Pb [105] . The decay curves of "excited activities" following the decay of radium and radium emanation ( 222 Rn) were measured. "An analysis of the decay curves of excited activity, produced for different intervals of exposure in the presence of the emanation, shows that there are three well-marked changes occurring in emanation X of radium. In the first change, half the matter is transformed in 3 minutes; in the second, half in 34 minutes; and in the third, half in 28 minutes. A full account of the analysis of these changes and their peculiarities will be given by one of us in a later paper. The first change is accompanied only by α rays, the second change is not accompanied by α rays at all, and the third change by α, β, and γ rays." The 34 min half-life of the second decay -later named radium B -is close to the currently adopted half-life of 26.8(9) min. Rutherford and Soddy had reported the observation of a "Radium-excited activity II" from the decay of thorium emanation earlier [103] . Figure 4 summarizes the year of first discovery for all bismuth isotopes identified by the method of discovery: radioactive decay (RD), mass spectroscopy (MS), fusion evaporation reactions (FE), light-particle reactions (LP), projectile fission or fragmentation (PF), and spallation (SP). In the following, the discovery of each bismuth isotope is discussed in detail and a summary is presented in Table 1 . fusion-evaporation reaction. The isotopes were separated with the FMA fragment mass analyzer and implanted in a double-sided silicon strip detector which also measured subsequent proton emission. "...the peak is assigned to the proton decay of 185 Bi, with a corresponding Q value of 1.594 ± 0.009 MeV, and an associated cross section of ∼100 nb using an efficiency for the FMA of 20%." The measured half-life of 44 (16) µs agrees with the presently accepted value of 49 (7) µs. reference to an earlier work corresponds to an unpublished thesis [33] . Rutherford reported on a new activity later assigned to 210 Bi in "Slow transformation products of radium" in 1905 [100] . Alpha-and beta-ray decay spectra of slow transformation products separated physically and chemically from fast decaying radium were measured. "I have recently examined more carefully the product radium D, and have found strong evidence that it is not a single product, but contains two distinct substances. The parent product, radium D, does not
give out rays at all, but changes into a substance which gives out only β rays, and is half transformed in about six days. Unless observations are made on the product radium D shortly after its separation, this rapid change is likely to escape detection. The work on this subject is still in progress, but the evidence at present obtained indicates that the active deposit from the emanation, after passing through the three rapid stages, represented by radium A, B, and C, is transformed into a 'rayless' product D, which changes extremely slowly. D continuously produces from itself another substance -which may for the time be termed D 1 -which is transformed in the course of a few weeks and emits only β rays." The reported half-life for radium D 1 ( 210 Bi) of about six days is consistent with the presently adopted value of 5.012(5) d. As stated in the quote Rutherford had earlier missed this activity, assigning radium D as a pure β emitter with a half-life of about 40 years and radium E as an α emitter with a half-life of about 1 year [20, 99] . In a paper submitted four months later Rutherford renamed radium D 1 to radium E and the old radium E to radium F [101] . In
October 1904, Hofmann et al. [121] had identified a β-emitter chemically separated from radiolead (radium D, 210 Pb) which Rutherford acknowledges [101] , however, the extracted half-life of about six weeks was incorrect.
211,212 Bi
Rutherford reported two activities later identified as 211 Bi and 212 Bi in the 1905 paper "Bakerian lecture.-The succession of changes in radioactive bodies" [20] . The decay curves of "excited activities" following the decay of actinium emanation ( 219 Rn) and thorium emanation ( 220 Rn) were measured. "We may thus conclude that the active deposit from actinium undergoes two distinct successive transformations: (1) A rayless change, in which half the matter is transformed in 41 minutes; (2) A change giving rise to α rays, in which half the matter is transformed in 1.5 minutes." For the thorium activities Rutherford states: "The evidence, as a whole, thus supports the conclusion that the active deposit from thorium undergoes two successive transformations as follows: (1) A 'rayless' change for which λ 1 = 1.75×10 −5 ,
i.e., in which half the matter is transformed in 11 hours; (2) A second change giving rise to α, β and γ rays, for which λ 2 = 2.08×10 −4 , i.e., in which half the matter is transformed in 55 minutes." The measured half-lives for the second decay of the actinium emanation (1.5 min, named actinium B, 211 Bi) and the second decay of the thorium emanation (55 min, named thorium B) agree with the presently adopted values of 2.14(2) min for 211 Bi and 60.55(6) min for 212 Bi, respectively. Rutherford and Soddy had reported the observation of a "Thorium-excited activity II" from the decay of thorium emanation earlier [103] . ThB and AcB were later reclassified as ThC and AcC, respectively. 214 Bi
In the 1904 paper "Heating effect of the radium emanation", Rutherford and Barnes described the discovery of a new activity later identified as 214 Bi [105] . The decay curves of "excited activities" following the decay of radium and radium emanation ( 222 Rn) were measured. "An analysis of the decay curves of excited activity, produced for different intervals of exposure in the presence of the emanation, shows that there are three well-marked changes occurring in emanation X of radium. In the first change, half the matter is transformed in 3 minutes; in the second, half in 34 minutes; and in the third, half in 28 minutes. A full account of the analysis of these changes and their peculiarities will be given by one of us in a later paper. The first change is accompanied only by α rays, the second change is not accompanied by α rays at all, and the third change by α, β, and γ rays." The 28 min half-life of the third decay -later named radium C -is close to the currently adopted half-life of 19.9(4) min. Rutherford and Soddy had reported the observation of a "Radium-excited activity III" from the decay of radium emanation earlier [103] .
215 Bi
In 1953
215 Bi was first reported by Hyde and Ghiorso in "The alpha-branching of AcK and the presence of astatine in nature" [122] . A 20-mC 227 Ac source was used to study the nuclide of the 4n+3 decay series by chemical and physical separation and measuring the radioactivity with an alpha-ray differential pulse analyzer. "The observed branching rate is ca 4×10 −5 , and the At 219 daughter decays predominantly by the emission of 6.27 Mev alpha-particles with a half-life of 0.9 minute to the new isotopes Bi 215 , which in turn emits β − particles with a half-life of 8 minutes." This half-life agrees with the currently adopted value of 7.6(2) min.
216 Bi
In the 1989 paper "New neutron-rich isotopes of astatine and bismuth," Burke et al. described the observation of 216 Bi [123] . A thorium/tantalum metal-foil target was bombarded with 600 MeV protons from the CERN synchro-cyclotron.
Astatine isotopes were produced in spallation reactions and separated with the ISOLDE-II on-line separator. 
186−227 Po
The discovery of the element polonium coincided with the discovery of the radioactivity due to 210 Po. In 1898 M.
Curie suggested the presence of a new element by observing strong activities in pitchblende and chalcolite [125] . Later in the same year, P. Curie and M. Curie presented evidence that they had observed a new element and suggested the name polonium [145] . Marckwald reported the discovery of a new substance he called radio tellurium in 1902 [126, 127] .
In 1904/1905 Rutherford showed that polonium and radio-tellurium were they same substance as what he identified as radium F [99] [100] [101] .
Forty-two polonium isotopes from A = 186-227 have been discovered so far. According to the HFB-14 model [21] about 45 additional polonium isotopes could exist. Figure 5 summarizes the year of first discovery for all polonium isotopes identified by the method of discovery: radioactive decay (RD), fusion evaporation reactions (FE), light-particle reactions (LP), and projectile fission or fragmentation (PF). In the following, the discovery of each polonium isotope is discussed in detail and a summary is presented in Table 1 . figure] shows an α spectrum which includes a peak which we assign to 191 Po, an isotope which has been seen here for the first time, to our knowledge, and which has been produced in the reaction [126, 127] ) and radium F (originally named radium E) were the same ( 210 Po) [99] [100] [101] . 211 
Po
In 1913 Marsden and Wilson discovered a new activity from actinium C as described in "Branch product in actinium C" [146] . An active source of actinium was covered with a sheet of mica and placed in a chamber. The number of scintillations on a zinc sulphite screen as a function of pressure in the chamber were counted. "The results showed that in addition to the α particles of actinium C with a range of 5.4 cm., a small number, about 1 in 600, can penetrate as far as about 6.45 cm. Special experiments showed that the long-range α particles could not be due to radium or thorium impurity, and they must therefore be attributed to the expected new branch product." This activity later named actinium C' corresponds to 211 Po.
In "Über einige Eigenschaften der α-Strahlen des Radiothoriums. I.", a new actitivty from thorium emanation was reported by Hahn in 1906 [147] . Radium B sources were separated from thorium emanation and the ionization [69] . 214 
Fajans reported a new α activity in the decay of radium C in the 1912 article "Über die Verzweigung der Radiumzerfallsreihe" [148] . Recoil products from radium C and radium B were studied and α-and β-decay rates and relative 
A new α activity in the actinium decay chain was identified in 1911 by Geiger as reported in "The transformation of the actinium emanation" [149] . Scintillations were counted using a zinc sulfide screen fixed to a microscope. The range of the α particles was measured by changing the distance in air. Also, a box was constructed that allowed to calculate the half-life from the number of scintillations as a function of an applied electric field. "It has been shown that the actinium emanation is complex, consisting of two products each of which emits α rays. The first one -the emanationwith a period of 4 seconds emits α rays of a range of 5.7 cm. The second product emits α rays of range 6.5 cm., and has a period of the order of 1/500 of a second." This α-emitter was later named AcA [150] corresponding to 215 Po. This half-life agrees with the presently accepted value of 1.781(4) ms. Earlier Geiger and Marsden had established an upper half-life limit of 0.1 s for this activity [151] . 216 
In 1910 Geiger and Marsden reported the observation of short lived α-activity in the decay of thorium emanation:
"Über die Zahl der von der Aktinium-und Thoriumemanation ausgesandten α-Teilchen" [151] . A thorium emanation source was placed between two zinc sulphide screens which were viewed by two microscopes. The number of simultaneous or emissions in short successions were counted. "Derartige Szintillationen in rascher Aufeinanderfolge zeigten sich auch dann, wenn die pro Minute beobachtete Zahl von Szintillationenäußerts gering war, so daß die Wahrscheinlichkeit eines zufälligen zeitlichen undörtlichen Zusammentreffens zweier Szintillationen verschwindend klein ist. Es erscheint damit die Existenz von mindestens einem α-Strahlenprodukt in der Thoriumemanationsgruppe von mittlerer Lebensdauer von etwa 1/5 Sekunde erwiesen." [This rapid succession of scintillations were also present, when the observed number of scintillations per minute were extremely small, so that the probability for random temporal and spacial coincidences of two scintillations were vanishingly small. Therefore it seems that the existence of at least one α-decay product in the thorium emanation group with a half-life of about 1/5 seconds has been demonstrated.] This activity was later named
ThA [150] and corresponds to 216 Po. The half-life agrees with the currently adopted value of 0.145(2) s.
Momyer and Hyde reported the observation of 217 Po in the 1956 paper "Properties of Em 221 " [152] . Thorium targets were bombarded with 110 MeV protons from the 184-inch Berkeley cyclotron. Alpha-decay spectra were measured following chemical separation. "In 20 percent of its disintegrations Em 221 emits an alpha particle of 6.0-Mev energy unresolved from the 6.0-Mev alpha particle of Fr 221 , and gives rise to Po 217 , a previously unreported isotope of polonium. is 1.46(5) s. 218 
In the 1904 paper "Heating effect of the radium emanation", Rutherford and Barnes described the discovery of a new activity later identified as 218 Po [105] . The decay curves of "excited activities" following the decay of radium and radium emanation ( 222 Rn) were measured. "An analysis of the decay curves of excited activity, produced for different intervals of exposure in the presence of the emanation, shows that there are three well-marked changes occurring in emanation X of radium. In the first change, half the matter is transformed in 3 minutes; in the second, half in 34 minutes; and in the third, half in 28 minutes. A full account of the analysis of these changes and their peculiarities will be given by one of us in a later paper. The first change is accompanied only by α rays, the second change is not accompanied by α rays at all, and the third change by α, β, and γ rays." The 3 min half-life of the first decay -later named radium Aagrees with the currently adopted half-life of 3.098(12) min. Rutherford and Soddy had reported the observation of a "Radium-Excited Activity I" from the decay of radium emanation earlier [103] . Table 1 
